to develop novel biosensor configurations. Most conventional DNA chips consist of a probe DNA directly immobilized on a substrate. The selfassembly of thiol-terminated DNA has also been used in conventional chips. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The primary problem in developing a selective DNA chip is retaining a high hybridization efficiency in the probe DNA. To overcome this problem and to develop better methods for gene diagnoses, we prepared and tested a self-assembly DNA-conjugated polymer in solid-phase hybridization. A polymer was covalently modified with sidechains containing disulfide bridges and ssDNA. The selfassembly DNA-conjugated polymer has an advantage in DNA chip fabrication: the hydrophilic DNA attached as the polymer sidechain prevents adsorption to gold substrate due to a selfassembly immobilized hydrophobic polymer mainchain, and hence is exposed to the solution. We investigated the potential of self-assembly DNA-conjugated polymer-coated substrates as a novel DNA chip.
DNA-conjugated polymers were prepared from polyallylamine (PAAm) or polyacrylic acid (PAA) modified with single-stranded DNA (ssDNA) as a probe, and thioctic acid (TA) or 3-(pyridyldithio)propionyl hydrazide (PDPH) for selfassembled immobilization. Selective target DNA hybridization to the DNA-conjugated surface can be expected. Surface plasmon resonance (SPR) was used to investigate immobilization of the DNA-conjugated polymers, as well as the interaction between fully matched and unmatched DNA sequences and the DNA-conjugated polymers. The effect of pH on hybridization efficiency was also examined. The selectivity and efficiency of these polymers toward fully matched DNA were compared with that of a conventional DNA chip. The hybridization selectivity and efficiency of the two DNAconjugated polymers were also compared.
Experimental

Reagents
TA, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), and ethanolamine hydrochloride were purchased from Wako Pure Chemical. N-Hydroxysuccinimide (NHS) was from Tokyo Chemical, and polyallylamine hydrochloride (MW 70000) and polyacrylic acid (MW 1080000) were from Aldrich. PDPH, disuccinimidyl suberate (DSS), and N-(ε-trifluoroacetyl caployloxy)succinimide ester (TFCS) were from Pierce. Oligonucleotides were synthesized by Fasmac Co. The sequences of the probes and of the fully  matched  and  unmatched  DNAs  were  5′-TCC-TCT-TCA-TCC-TGC-TGC-TAT-GCC-TCA-TCT-3′-R,  5′-AGA-TGA-GGC-ATA-GCA-GCA-GGA-TGA-AGA-GGA-3′ , and 5′-CTT-CGA-ATG-AAG-CCT-AAC-GGT-CGG-ACG-ATA-3′, respectively. R was -(CH2)7-NH2 or -(CH2)6-SH. We developed two DNA-conjugated polymers, one based on polyallylamine and the other on polyacrylic acid, for use in DNA chips. A 30-mer single-stranded DNA probe and thioctic acid were covalently attached to polyallylamine as sidechains. The same single-stranded DNA and 3-(pyridyldithio)propionyl hydrazide were covalently attached to polyacrylic acid as sidechains. Both DNA-conjugated polymers could be specifically immobilized onto a gold sensor substrate by a self-assembly technique. The interactions between fully matched DNA and each DNA-conjugated polymer were investigated by surface plasmon resonance. A gold surface modified with either DNA-conjugated polymer recognized fully matched DNA much better than unmatched DNA. The hybridization selectivity and efficiency of DNAconjugated polyallylamine was optimized by adjusting the pH so as to reduce the effects of cationic polymer sidechains. The hybridization selectivity and efficiency of DNA-conjugated polymers were higher than those of a conventional immobilized thiol-based DNA. The coating of DNA-conjugated polymers reduced nonspecific adsorption of DNA by the gold substrate. DNA-conjugated polyacrylic acid was more selective toward fully matched DNA than was DNAconjugated polyallylamine. Therefore, DNA-conjugated polymers show promise for application in novel DNA chips.
Preparation of DNA-conjugated polyallylamine
First, polyallylamine also containing TA sidechains (TAPAAm) was prepared as follows: 13 mM (monomer equivalents) of polyallylamine hydrochloride, 1.3 mM TA, and 13 mM each of EDC and NHS (carboxyl-activating reagents) 20 were dissolved in 50 mM HEPES buffer (pH 8.0) and stirred for 24 h at 25˚C. Residual unbound low-molecular-weight agents were removed by ultrafiltration and solvent was removed by freeze-drying. Next, TA-PAAm or PAAm was modified with ssDNA as follows: the amino group of 3′-amino-terminated ssDNA was replaced with an NHS-ester group by using DSS. 21 Then, 2 mg of TA-PAAm was dissolved in a solution of 10 mM TAPS, 1 mM EDTA, pH 9.1, and 2 mg of NHS-ester-ssDNA was added dropwise over a period of 5 min (the molar ratio of amino groups of PAAm to NHS-ester groups of ssDNA was 200:1). The reaction was allowed to proceed for 3 days at 25˚C. DNA-conjugated PAAm was obtained after ultrafiltration and freeze-drying. The chemical structure of a polymer unit is shown in Fig. 1A . The amounts of ssDNA and TA in the polymer were determined by absorbance measurements to be equivalent to 26 nmol mg -1 and 290 nmol mg -1 , respectively.
Preparation of DNA-conjugated polyacrylic acid
First, the amino group of 3′-amino-terminated ssDNA was replaced with a hydrazide group using TFCS. Next, 20 mM (monomer equivalents) of polyacrylic acid, 0.1 mM ssDNA, and 200 mM EDC were dissolved in 0.1 M phosphate buffer (pH 8.0) containing 1 M NaCl and stirred for 3 days at 25˚C. Residual unbound low-molecular-weight reagents were removed by ultrafiltration, and solvent was removed by freezedrying. Finally, the ssDNA-modified PAA (ssDNA-PAA) was modified with PDPH as follows: 2 mg of the ssDNA-PAA was dissolved in 0.1 M phosphate buffer (pH 8.0) containing 0.15 M NaCl, and 1.9 mg of PDPH (dissolved in DMSO) was added (the final concentration of DMSO was 10%, and the molar ratio of carboxy groups of PAA to hydrazide groups of PDPH was 10:1). The reaction was allowed to proceed for 24 h at 25˚C. DNA-conjugated PAA modified with PDPH (DNA-conjugated PDPH-PAA) was obtained after ultrafiltration and freezedrying. The chemical structure of a polymer unit is shown in Fig. 1B . The amounts of ssDNA and PDPH in the polymer were determined by absorbance measurements to be equivalent to 10 nmol mg -1 and 150 nmol mg -1 , respectively.
SPR measurements
SPR experiments were performed with a Biacore 3000 system. All of the measurement procedures were carried out at a sample flow rate of 1.0 µL min -1 at 25˚C (except for immobilization of DNA-conjugated polymer on the gold substrate, which was left for 24 h at 4˚C). The baseline was equilibrated with a solution of 1.0 mM EDTA, 1.0 M NaCl containing 50 mM CAPS (pH 10.0) or 10 mM Tris-HCl (pH 8.0) or 40 mM MES (pH 5.5) before the sample was injected. We refer to these as equilibration buffers below.
Results and Discussion
DNA-conjugated TA-PAAm
The adsorption curve of DNA-conjugated TA-PAAm in the pH 8.0 equilibration buffer indicated that the SPR response was only slightly reversed by washing with buffer ( Fig. 2A, curve I ). This result shows that DNA-conjugated TA-PAAm can be immobilized on a surface via self-assembly. To verify that this result is due to self-assembly, DNA-conjugated PAAm lacking TA sidechains was used as a control. This polymer was also retained on the surface after washing ( Fig. 2A, curve II) ; the residual response (1900 RU) was probably due to nonspecific interaction between the DNA sidechains of the polymer and the gold surface of the sensor. However, the amount of bound polymer was less than that for the DNA-conjugated TA-PAAm. The SPR response in the presence of PAAm alone (without DNA) was low (only 780 RU) after washing ( Fig. 2A, curve  III) .
The DNA-conjugated TA-PAAm-immobilized substrate was tested to determine its ability to recognize fully matched DNA. First, unmatched DNA (20 µg mL -1 ) was injected onto the DNA-conjugated TA-PAAm-immobilized substrate.
Then, after washing with equilibration buffer continuously, fully matched DNA (20 µg mL -1 ) was injected onto the DNAconjugated TA-PAAm-immobilized substrate. The response of this probe to fully matched DNA was much higher than its response to unmatched DNA (Fig. 2B) .
The effect of pH on the hybridization selectivity of the DNAconjugated TA-PAAm-immobilized substrate was studied. At pH 8.0 and 10, the SPR response increased more with addition of fully matched DNA than with addition of unmatched DNA (Fig. 3) . At pH 8.0, the difference in the response between fully matched and unmatched DNA was less (152 RU) than that at pH 10 (252 RU).
The hybridization efficiency was also examined: when a 1 µg mL -1 sample of DNA was injected, the responses to fully matched DNA at pH 8.0 (216 RU) and pH 10 (346 RU) were equivalent to binding of 2.3 pmol cm -2 and 3.6 pmol cm -2 , respectively. The amount of probe DNA on the surface was calculated from the amount of DNA-conjugated TA-PAAm on the surface and the amount of probe DNA covalently bound to the polymer and was equivalent to 4.7 pmol cm -2 . Thus, the DNA hybridization efficiency was 47% at pH 8.0 and 77% at pH 10. These results suggest that DNA-conjugated TA-PAAm is cationic below the pKa (9.5) of PAAm. However, cationic property of DNA-conjugated TA-PAAm was reduced above the pKa (9.5) of PAAm.
The hybridization selectivity and efficiency at pH 8.0 were less than those at pH 10, possibly due to the presence of an ion complex between the amino groups of the DNA-conjugated TA-PAAm and the probe DNA, because, the response of the sensor covered with DNA-conjugated TAPAAm to unmatched DNA at pH 10 was almost the same as at pH 8.0, apparently because no non-specific adsorption between amino groups of DNA-conjugated TA-PAAm and injected DNA due to ion complexing occurred. Hence, hybridization selectivity and efficiency were improved by changing pH due to a decrease of the effect of cationic property in DNA conjugated TA-PAAm.
DNA-conjugated PDPH-PAA
We also studied the immobilization of DNA-conjugated PDPH-PAA at various pH values. Figure 4A shows that the SPR response of a sensor to DNA-conjugated PDPH-PAA was greater at pH 5.5 (curve I, 2800 RU) than at pH 8.0 (curve II, 1800 RU). Intermolecular electrostatic repulsion should occur at pH 8.0 because of the presence of carboxy-group sidechains in the polymer, which would decrease the amount of DNAconjugated PDPH-PAA that binds to the sensor chip. At pH 5.5, however, the carboxy groups had less effect on negative charge of DNA-conjugated PDPH-PAA. To reduce the effects of intermolecular electrostatic repulsion due to the effect of negative charge, we replaced the carboxy group in the polymer with the hydroxy group of ethanolamine. With this polymer (Fig. 4B : curve I, pH 5.5; curve II, pH 8.0), the sensor response to ethanol amine-modified DNA-conjugated PDPH-PAA showed little difference between the two pH values (450 RU), indicating less electrostatic repulsion.
The maximum response of the sensor to DNA-conjugated PDPH-PAA (2800 RU: Fig. 4A-(I) ) was equivalent to 2.8 × 10 5 pg cm -2 . The amount of ssDNA covalently bound to the polymer was 10 nmol mg -1 , as mentioned above. Thus, the amount of ssDNA on the gold substrate was equivalent to 2.8 pmol cm -2 .
SPR testing demonstrated the affinity of DNA-conjugated PDPH-PAA for fully matched DNA. Immobilization of DNAconjugated PDPH-PAA was carried out at pH 5.5 for 1 h by SPR machine. The hybridization was carried out at pH 8.0. Because we expected that non-specific adsorption of injected DNA due to electrostatic repulsion between surface carboxy group and an injected DNA could be reduced by changing the pH to 8.0 during hybridization experiments. The DNA- conjugated PDPH-PAA-immobilized substrate was tested to determine its ability to recognize fully matched DNA. The result indicated that the response of fully matched DNA to DNA-conjugated PDPH-PAA depends on the concentration of injected DNA, but the response of unmatched DNA is the same at all sample concentrations (data not shown), indicating that DNA-conjugated PDPH-PAA can distinguish fully matched from unmatched DNA. The hybridization efficiency and selectivity of DNAconjugated PDPH-PAA were investigated with 1 µg mL -1 of injected sample DNA. The response to fully matched DNA (89 RU) was equivalent to 0.92 pmol cm -2 , which indicates a hybridization efficiency of 33%, based on the amount of probe DNA on the surface (2.8 pmol cm -2 ). This hybridization efficiency was lower than that of DNA-conjugated TA-PAAm; however, for DNA conjugated TA-PAAm and PDPH-PAA, the maximum response decreased from 94 RU to 21 RU when 1 µg mL -1 of unmatched DNA sample was injected. These results suggest that less non-specific DNA adsorption occurs with DNA-conjugated PDPH-PAA due to the electrostatic repulsion between the carboxy group in PAA and injected-unmatched DNA than with DNA-conjugated TA-PAAm.
Hybridization characteristics of the two types of DNAconjugated polymers
The selectivity and efficiency in distinguishing fully matched and unmatched DNA were compared in sensors based on (1) DNA-conjugated PDPH-PAA and TA-PAAm polymers and (2) a conventional DNA chip made with thiol-terminated DNA (HS-DNA).
In this experiment, the DNA-immobilized substrates for 1 h were used. The observed SPR response after the injection of 1.0 µg mL -1 of sample was normalized according to the SPR response to fully matched DNA. In the conventional chip, the amount of ssDNA on the surface was equivalent to 16 pmol cm -2 .
The SPR responses of the conventional chip to fully matched and unmatched DNA were 258 RU and 204 RU (data not shown), respectively, indicating that the normalized unmatched DNA value was 80%.
When substrates coated with immobilized DNA-conjugated TA-PAAm or DNA-conjugated PDPH-PAA were tested, the normalized unmatched DNA values were 28% for PAAm and 22% for PAA.
The response of HS-DNA to fully matched DNA (258 RU) was equivalent to 2.6 pmol cm -2 , indicating a hybridization efficiency of 16%. Hybridization cannot occur efficiently, because of the too-high density of probe DNA on the surface. Thus, our DNA-conjugated polymers were more efficient. These results suggest that hybridization of DNA samples to immobilized DNA-conjugated polymers is much more selective and efficient than their hybridization to conventional immobilized HS-DNA. A sensor coated with immobilized DNA-conjugated polymer not only recognizes fully matched DNA more efficiently than a sensor based on HS-DNA, but also shows less non-specific adsorption of unmatched DNA because of its polymer coating. We also found that DNA-conjugated PDPH-PAA shows less-nonspecific adsorption than DNAconjugated TA-PAAm, due to electrostatic repulsion.
With conventional chips, it is well known that HS-DNA can be easily immobilized on gold but does not interact by ordered self-assembly, due to non-specific interactions between the DNA bases and the gold. Alkanethiol has been used to improve the hybridization efficiency and the selectivity, followed by immobilization of HS-DNA on the substrate. 13, 15 Petrovykh et al. reported that DNA may separate from the surface due to the strong adsorption ability of alkanethiol. 22 Hence, this method requires 2 steps and needs consideration of experiment condition.
However, DNA-conjugated polymer not only prevents desorption of probe DNA from the surface because the DNA is covalently bound to the self-assembled polymer, but it also obviates the necessity of carrying out a complicated immobilization protocol because immobilization is done in a single step.
To improve the selectivity of our polymers in DNA hybridization, we investigated the effects of polymer immobilization time. In this experiment, these polymers were dropped onto the sensor and then it sat for 24 h. Figure 5 shows the SPR signal at various concentrations of injected DNA, using one of the DNA-conjugated polymer-immobilized substrates for 24 h. Both DNA-conjugated polymers immobilized for 24 h on the substrate showed a greater response to fully matched DNA at each injected DNA concentration than did polymers immobilized for a short time. With DNA-conjugated TAPAAm (Fig. 5A) , the response to fully matched DNA increased as a function of sample-DNA concentration, and the response to unmatched DNA reached a maximum of 25% of the maximum response to fully matched DNA.
In contrast, for an immobilization time of 1 h, this value was 28%. With DNAconjugated PDPH-PAA (Fig. 5B) , although the maximum response to fully matched DNA was less (150 RU) than that with DNA-conjugated PAAm (952 RU), the response to fully matched DNA also increased as a function of sample-DNA concentration; in addition, the response to unmatched DNA reached a maximum of only 10% of the maximum response to fully matched DNA. In contrast, for an immobilization time of 1 h, this value was 22%. These results indicate that a longer immobilization time improves the selective hybridization. DNA-conjugated PDPH-PAA was more selective than DNAconjugated TA-PAAm.
Conclusions
In this article we described the preparation and use of selfassembled DNA-conjugated polymers in solid-phase hybridization assays. DNA-conjugated polymers can be specifically immobilized on a gold sensor via self-assembly. The immobilized DNA-conjugated polymer can differentiate between fully matched and unmatched DNA sequences and is more useful than conventional DNA immobilization without a complicated immobilization protocol.
The nonspecific adsorption of DNA to substrate appears to be prevented by the polymer coating. In addition, the nonspecific adsorption is drastically lower in DNA-conjugated PDPH-PAA, because it shows less electrostatic repulsion than DNA-conjugated TAPAAm. This immobilization method can lead to the fabrication of novel types of DNA chips.
